We have developed a graphical image database CancerProView (URL: http://cancerproview.dmb.med.keio.ac. jp/php/cpv.html) to assist the search for alterations of the motifs/domains in the cancer-related proteins that are caused by mutations in the corresponding genes. For the CancerProView, we have collected various kinds of data on 180 cancer-related proteins in terms of the motifs/domains, genomic structures of corresponding genes, and 109 charts of the protein interaction pathways. Moreover, we have collected the relevant data on 1041 reference genes including 197 non-cancer disease-associated genes, and the nucleotide sequences for 2011 full-length cDNA's and the alternatively spliced transcript variants. Thus, the CancerProView database system would provide valuable information to facilitate basic cancer research as well as for designing new molecular diagnosis and drug discovery for cancers. The CancerProView database can be operated via Internet with any Web browser, and the system is freely available to interested users without ID and password.
Introduction
To date, approximately 4500 genetic loci have been described as distinct phenotypic features and genetic traits, many of which are associated with various inherited disorders or sporadic genetic diseases. Over 3000 genes have been identified as disease-causative genes and molecularly cloned from particular regions of human chromosomes [1] . Among them, at least 180 are considered to be cancer-related genes, and over 50 of them are associated with familial cancers. These cancer-related genes include members of "oncogenes" [2] and "tumor suppressor genes" [3] , whose protein products are often involved in fundamental cellular functions, such as cell growth signal transduction [4] , DNA repair [5] , cell adhesion [6] and so on.
Thanks to the human genome project, numerous databases have been established for human genes and proteins to help understand the molecular pathogenesis of human diseases, and many are publicly made available. Two representatives of the comprehensive central databases are OMIM (On line Mendelian Inheritance of Man) [1, 7] and HGMD (Human Gene Mutation Database) [8] . The OMIM is a catalog of ever increasing information on the association between human characters (phenotype) and causative genes (genotype), providing a morbid map of the human genome. The HGMD is a core collection of human germline mutations in the nuclear genes that are associated with inherited disease. Databases specialized for particular diseases such as cancer are also available. For example, COSMIC (Catalogue of Somatic Mutations in Cancer) [http://www.sanger.ac.uk/cosmic] provides information on the somatic mutations implicated in human cancer [9] and KMcancerDB provides a highly sophisticated display function for cancer-related gene mutations [10] as a subdatabase of MutationView [11] .
To search for changes in the amino acid sequences of proteins, one could access to the protein databases such as PIR International (PIR) [12] and SWISS-PROT [13] . To search for the domains/motifs of proteins, one could utilize several other databases such as PROSITE [14] , Pfam [15, 16] , SMART [17, 18] and CDD [19] . Moreover, for protein interaction pathways, one can refer to BioCARTA (http://www. biocarta.com/). The BioCARTA is a Web site that provides various cell and molecular pathways of life as simplified diagrams. For metabolic pathways, one can utilize KEGG (Kyoto Encyclopedia of Genes and Genomes), which is a database that integrates genomic, chemical and systemic functional information [20] . These existing databases provide valuable information on the nature of human genes and proteins; however, none of them was designed for the purpose of analyzing the cancer-related proteins. The most comprehensive database OMIM provides a broad range of information on cancer, but even in this one, data on the molecular nature of cancer-protein are rather limited and only the names of domain and motif are described [1] . Nonetheless, basic information on the interaction pathways for cancer related-proteins is no doubt indispensable for establishing relationship between mutations and molecular pathogenesis of cancer. Hence, we decided to accomplish systematic data collection of cancer-related genes/proteins, hoping that a cancer-specialized database system would aid a broad range of basic research and clinical applications, including the development of new molecular diagnosis and drug discovery for cancers.
In this study, we have constructed a graphical image database system CancerProView (http://cancerproview.dmb.med.keio.ac.jp/
Results
The CancerProView consists of 12 separate data table files (Fig. 1) . The system can be operated by three search keys "Gene symbol (a), Protein ID (b) and Protein domain name (c)". The gene symbol links to five tables including "collected genes (#1), cancer-related genes (#2), RefSeq sequencing ID (#3), gene symbol/trait (#4) and protein interaction pathway images (#5)". The RefSeq sequencing ID further links to "protein name (#9) and protein domain (#10)" through the protein ID. The file "protein domain name" consists of protein domain (#10) and protein domain details (#11). The protein domain image (#12) provides visualization of the mutations and polymorphisms on the diagram of whole protein structure, which are constructed by assembling the data on "protein domain (#10), OMIM allelic variants (#6), protein sequences (#7) and cDNA sequences (#8)".
Fig . 2 illustrates the front page of CancerProView. It provides the "search window" in three ways such as "Key word search", "Gene/Protein search" and "Cancer types search". Each window offers quick entry to database, and all the search results are instantly displayed on Web browser.
To access CancerProView, one simply types in a favorite "keyword" or "gene symbol" (Fig. 2) . For example, typing-in "Breast cancer" brings the results (Fig. 3) , where 17 proteins/genes are shown, including AKT1, BRCA1, BRCA2, KRAS, PIK3CA, RAD51, AR, BARD1, BRIP1, CASP8, PALB2, PHB, RAD54L, RB1CC1, SLC22A18, TSG101, and XRCC3. It can be immediately seen that some of these listed genes (CASP8, KRAS, PALB2, FAD54L and XRCC3) are associated with various tumors other than breast cancer. Clicking-on "Gene symbol" (e.g. BRCA1) brings two image selectors "transcripts" or "protein pathways" (Fig. 3b) . Clicking-on "Transcripts" displays various molecular features (e.g. Fig. 4) , and clicking-on "Pathways" provides a chart of protein interaction pathway (e.g. BRCA1 in Fig. 3c) .
BRCA1 in
One can click-on "All" (or "Cancer") in the Gene/Protein search window to bring a list of all 180 cancer-related genes or 1041 reference genes. Then, choosing "BRCA1" brings "various molecular features of BRCA1" on a diagram of protein domain structure, including gene symbol, cDNA sequence (RefSeqID), amino acid sequence (Protein ID) and protein name (Figs. 4a-c) . Here, 5 isoforms of BRCA1 are displayed, including 4 truncated forms which lost certain domains. These isoforms are predictable from the alternatively spliced variants of BRCA1 transcript. It is also evident that BRCA1 isoform 3 (NP_009228) retained two C-terminal BRCT domains but lost N-terminal RING domain. Then, clicking-on "Gene symbol" brings the data on "genetic mutation and polymorphism" (Fig. 5) . Here, clickingon "BRCA1" in the top row shows mutation types of NP_009225 on the list (Fig. 5a ). Clicking-on "Image" shows the diagram of entire BRCA1 protein domain structure (Fig. 5b) . Each domain can be expanded to see details of mutation, where three out of four mutations are located within the RING domain (long arrows in Fig. 5c ). This sort of analysis can be readily accomplished for each of 180 cancer-related proteins.
Going back to Fig. 5 and clicking-on "RefSeq ID" or "Protein ID" provides "cDNA sequence and protein amino acid sequence" (Figs. 4a, b) . Clicking-on "SMART protein domain structure" provides "E-value of each domain" (Fig. 4c) , by which one can evaluate if the domain name "BRCT" is consensual or not (in this case, yes). Then, clicking-on the domain "BRCT" brings a list of 20 cancer-related proteins that possess BRCT domain in common (Fig. 6 ). These include BARD1, LIG3, LIG4, REV1, XRCC1, BRCA1, MDC1, NBN, DBF4, RFC1, TP53BP1 and their variants. Clicking-on "Gene symbol" brings a selection button to choose either "Transcripts", "Pathways" or "Mutation and Polymorphisms" (Fig. 6b) . Furthermore, clicking-on "Protein ID" or "Domain structure" brings the detailed information (Figs. 4b, c and 5).
Going back to the "search window" and clicking-on "Domain, alphabetical" (Fig. 2d) provides a list of known protein domains in Fig. 1 . The data file tables of CancerProView. The CancerProView has 12 data tables and searched via three main search keys namely "gene symbol (a)", "protein ID (b)" and "protein domain name (c)". Gene symbol includes "collected genes (#1)", "cancer-related Genes (#2)", "RefSeq sequencing ID (#3)", "Gene symbol/trait (#4)" and "protein interaction pathway image (#5)". Protein ID includes "RefSeq sequencing ID", "protein domain (#9)" and "protein name (#10)". Protein domain is linked to "protein domain name (#10)" and "protein domain details (#11)". Protein domain image (#12) are constructed from four tables including "protein domain (#9)", "OMIM allelic variants (#6)", "protein sequences (#7)" and "cDNA sequences (#8)" by searching with protein ID and gene symbol as search key. alphabetical order. If domain "B" was chosen, all domains starting with "B" are lined-up (Fig. 6c) . Then, clicking-on BRCT brings a list of the cancer-related proteins possessing the BRCT domain in common (Fig. 6a) .
Clicking-on "All proteins" or "All Pathways" in the search window (Fig. 2c) brings the entire list of protein variants (in total 2011) and all charts of the cancer protein interaction pathways (in total 109), respectively. Clicking-on a chart "BRCA1" provides an enlarged diagram of the protein interaction pathway of BRCA1 in association with cell biological functions such as cell cycle events (Fig. 7) . The chart clearly shows that BRCA1 directly interacts with MDC1 and TP53BP1, but it also indicates that many other proteins are associated with BRCA1 function. Interestingly, it can be seen that some proteins in the chart are related to non-cancer diseases although exact meanings remain to be elucidated. Then, clicking-on "BRCA1" brings the details of protein BRCA1 as described in Fig. 5 . Clinical and genetic information can be retrieved from OMIM via Internet by clicking "genetic trait/gene symbol and disease name" on the chart (Figs. 7a, b) , and reference also can be retrieved from PubMed (Fig. 7c) .
Clicking-on "Disease" in the search window (Fig. 2c ) provides a list of cancer types such as basal cell carcinoma, breast cancer, chondrosarcoma, colon cancer, colionic adenoma and so on (Fig. 2f) .
The CancerProView database can be operated via Internet with any Web browser, and the system is freely available to interested users without ID and password.
Discussion
More than two decades ago (in 1991), we started construction of a human gene database and made a prototype GeneView to graphically display the gene mapping information that were provided by international genome database GDB (Genome Data Base). A few years later (in 1995), we converted the GeneView to a more sophisticated system MutationView (http://mutview.dmb.med.keio.ac.jp/) to improve the operating function and to enhance the contents by manually curating data from literatures and by extracting data from the existing databases such as GDB, HUGO Gene Nomenclature Committee, OMIM, HGMD and Pubmed. The MutationView utilizes graphic display functions for both queries and results, and it has been made available to the users without restriction. Since then, we have been updating the mutation data on disease-related gene mutations by a manual data collection. Significant numbers of the collected disease-genes in the MutationView were related to familial cancers, so that we constructed a separate database MutationView/ KMcancerDB [10] . Several other databases are available for the cancer-related genes (see Ref. [10] ); however none of those was designed for the purpose of analyzing the molecular natures of cancer-related proteins. Hence, we constructed a specialized database CancerProView as described in this study. The purpose of constructing CancerProView was to add a new function to the MutationView to visualize changes in the cancer-related proteins at a glance. Moreover, we added a number of charts to illustrate protein interaction pathways. We collected relevant data from literature after careful evaluation although other data sources are restricted mainly to OMIM and HGMD. We did not use any data from the existing databases such as BioGRID [21] , STRING [22] and Reactome [23] because of following reasons. (1) BioGRID is a database resource that includes over ten thousands interaction attributes of proteins from various organisms. User-customized graphs can be constructed with embedded protein, gene and interaction attributes by a visualization system called Osprey, which is dynamically linked to the BioGRID. BioGRID was published in 2006 after improving Osprey [24] and GRID [25] , which were made in 2003. We constructed a prototype of CancerProView in 2002 to focus on the cancer-related proteins, so that it was too late to change the data format. In fact, BioGRID is an interesting prediction tool to illustrate possibly interacting proteins. However, one needs to confirm the reliability of outcome each time by referring to literature. (2) STRING is a tool to display a set of potentially functionally associated genes/proteins by retrieving the genes that repeatedly occurs within clusters on the genome [22] . However, the CancerProView was designed to collect experimentally proven data by avoiding any predicted and unproven data. (3) Reactome is a curated collection of well-documented molecular reactions, from simple intermediate metabolism such as sugar catabolism to complex cellular events (Fig. 3b) . Clicking-on "Transcripts" displays the various molecular features (Fig. 4) , and clicking-on "Pathways" brings charts of protein interaction pathways (Fig. 3c) .
such as the cell cycle [23] . Reactome was published in 2004, and it accommodates the data from KEGG and other databases. A semi-automated procedure identifies likely orthologous molecular reactions in mouse and other model organisms, and display how one pathway interacts with another. However, Reactome was not used for CancerProView to keep our independent standpoint, yet all these databases are valuable as supplementary tools.
The CancerProView provides fundamental information on cancerrelated proteins and their protein interaction pathway; hence we believe it will be a useful tool for better understanding the basic (Fig. 4, Fig. 3c, Fig. 5 ). (c) The protein domains searched by alphabetical order "B". Clicking-on "Domain, alphabetical" in the search window (Fig. 2d) provides a list of all protein domains in alphabetical order, and if "B" was selected, all such domains are lined-up (a partial list is shown). Clicking-on domain BRCT brings to Fig. 6a. mechanism of cancer pathogenesis. Some valuable features are pointed out as follows:
The CancerProView system was designed and constructed using PHP program, so that it is easy to access through Web browser such as Internet Explorer, FireFox and Safari. In the current CancerProView, 180 cancer-related genes and 1041 reference genes are registered, and a list of the cancer-related genes/proteins can be displayed. The registered numbers of the cancer-related genes are almost equivalent to the current OMIM [1] .
The diagrams showing molecular features of 180 cancer-related proteins provide visual images in order to get hints for the relation between domain alteration and loss or gain of protein functions. In this connection, the search function "gene mutation and genetic polymorphism" gives supplementary information on the details of cancerrelated mutation in a given domain. It should be noteworthy that all the cancer-related proteins possessing a particular domain in common can be readily retrieved as a list, providing a basis to determine if and how alteration in the same domain affects the function of different disease-associated proteins and whether such domain alterations generate a similar clinical phenotype. For this, the function key "domain, alphabetical" helps quick search for those proteins.
The CancerProView provides 109 charts of the protein interaction pathways for cancer-related proteins, showing valuable information on the relevant proteins that are situated upstream or downstream of metabolic and signaling pathways. In the chart, interesting findings have been made such as that some cancer-related proteins are also associated with non-cancer disease (data not shown). Those proteins could be considered as potential candidates for cancer-causative ones. In such a way, CancerProView could be used as a tool for finding and predicting potential cancer-causing genes/proteins.
The power of CancerProView can be enhanced by using as a supplementary tool of another database system KMcancerDB [10] , which deals specifically with the mutations in various cancerrelated genes. Thus, these two databases would provide useful information not only for basic and clinical cancer research but also for designing new molecular diagnosis and better treatment of cancers.
Material and methods

Data sources
We used the following data files: NCBI ("gene_info": gene information table, "gene2refseq": Genbank gene/protein reference sequencing ID table, "OMIM": genetic disease database, "PubMed": medical literature database), "HGMD": human disease gene mutation database, and "SMART" (include "Pfam"): protein domain search system.
Cancer-related genes and proteins
The candidates of "cancer-related genes" were retrieved from the latest correspondence list "gene_info" of Locus Link at NCBI ftp site. It consists of eight items including Locus ID, gene symbol, OMIM ID, chromosome number, region, genetic trait, NCBI number and GDB ID. We extracted "gene symbol" with OMIM ID, which was searched from "genetic trait" of the OMIM using key words "Cancer", "Oncogene", "Leukemia" and so on. The cancer-related gene was also searched with "gene symbol" in the HGMD. If any relevant genes were found in both OMIM and HGMD databases, they were considered as the cancer- 
Extraction of RefSeq ID
We searched for Locus ID in the gene_info by gene symbol and extracted RefSeq ID from the correspondence list of Genbank RefSeq (gene2refseq). Then, using RefSeq ID we constructed a list of 5 items (gene symbol, RefSeq cDNA ID, RefSeq amino acid sequence ID, cDNA sequence name, and amino acid sequence file name), providing the file (2).
Protein domain and motif
The protein domain/motif was searched in SMART using RefSeq amino acid sequences in the file (2), and the results provided the list of predicted domain structure consisting of domain name, first and end amino acid numbers of the domain, and E-value of the domain prediction, providing the file (3). These data were summarized in the data file (4), and the detailed list of domain symbol and domain name was made from Pfam and SMART, providing the file (5).
Building a relational database
We implemented the data in files (1), (2), (4) and (5) into the relational database MySQL. The data connection was made by domain name data files (4) and (5), and gene symbol data files (1), (2) and (4) (Fig. 1). 
Protein interaction pathway in cancer cells
Documents for the cancer protein interaction pathway were searched and retrieved from PubMed using tow keywords "gene symbol and genetic trait", and the collected diagrams were carefully redrawn as a comprehensive chart to show interrelationship of these proteins in association with cell biological functions.
Disease-association in the protein interaction pathway
The cancer gene/protein list was made from the contents of OMIM by distinguishing the difference between cancer and non-cancer diseases (Table 1 ). In the cancer-related protein interaction pathways, any proteins/genes related to non-cancer disease were indicated as red letters and the corresponding disease name was adapted from OMIM.
Search windows and graphic display of search results
The search window in the front page of database offers several entries such as "keyword search, gene symbol, the list of all proteins, and the alphabetical order of protein domains". The search results are displayed on Web browser using PHP program. Thus, CancerProView illustrates the cancer protein interaction pathway, disease name, gene symbol and protein domain, and literature. Detailed information of selected disease can be displayed through OMIM. Gene mutation is graphically displayed on the amino acid sequence of protein in reference to the domain structure.
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